The effect of adsorbed Sn as a surfactant on Ge diffusion on a Si(111) surface has been studied by Low Energy Electron Diffraction and Auger Electron Spectroscopy. The experimental dependence of Ge diffusion coefficients on the Si(111) surface versus temperature in the presence of adsorbed Sn atoms has been measured in the range from 300 to 650 • C. It has been shown that at a Sn coverage of about 1 monolayer the mobility of Ge atoms increases by several orders of magnitude.
Introduction
The growth of Ge on Si attracts considerable attention from researchers because of its potential for electronic and optoelectronic devices [1, 2] . Intensive studies are carried out of the formation of low-dimensional structures of Ge on Si. In many cases, the formation of nanostructures on solid surfaces is possible only by self-organized growth, that is, by spontaneous arrangement under certain conditions of deposited atoms in aggregates with the required shape, size, density, and spatial order. Ge diffusion plays an important role in this process. One of the ways to control the growth process is the use of surface active agents. Surfactants influence the growth type because they modify the surface energy and the mobility of adsorbed atoms * E-mail: olshan@isp.nsc.ru [3] . Surfactants with more bonds reduce diffusion and vice versa. For example, elements of III and IV groups (Ga, In, Sn, Pb) increase the diffusion length of Ge on Si and promote the formation of three-dimensional Ge islands, while the elements of V and VI of groups (As, Sb, Bi, Te) reduce diffusion length and promote layer growth [4] . The aim of the present work was an experimental study of the effect of Sn on diffusion mobility of Ge atoms on Si surfaces. Studies of the effect of adsorbed Sn as a surfactant on the Ge diffusion on Si are interesting also in connection with the studies of Ge 1− Sn compounds on Si surfaces [5] [6] [7] . The effects of a Sn adlayer on the initial stages of Ge growth on Si are described in Refs. [7, [9] [10] [11] [12] [13] .
Experimental
The experiments were performed with -type Si(111) samples with resistivities between 5 and 10 Ohm·cm and di-mensions of 22 × 5 × 0.3 mm. Clean surfaces were prepared by degassing the samples at 600
• C at the pressure of (1-2)×10 −10 Torr for 4 hours, followed by a flash at 1250
• C for 1 -2 min. The samples were heated by alternating current. The temperature T of a sample was controlled by an optical disappearing-filament pyrometer.
The structure of a surface was monitored by Low Energy Electron Diffraction (LEED). After the cleaning procedure, the Si(111)-7×7 structure was observed at the surface. Chemical composition of the investigated surface was measured by Auger Electron Spectroscopy (AES) using Auger Si LVV (92 eV), Ge LMM (1147 eV) and Sn MNN (430 eV) electron peaks. Elemental sensitivity coefficients were taken from Ref. [14] . At low coverage of adsorbed atoms, the model of a homogeneous surface was used for calculation of the concentration [15] .
The diameter of the primary electron beam in the Auger spectrometer (ASC-2000, Riber) was about 30 µm and that in the LEED system was about 0.8 mm. The energy of the primary electron beam in AES was 3 keV at a current of about 1 µA.
We used pieces of Sn welded to the W ribbon as the sputtering source. The ribbon was heated up by an electrical current. For preparation of a Ge evaporation cell, the pieces of Ge were located on a Si plate, which was heated by electric current. When the pieces of Ge melted, they fastened to the surface of silicon [8] . To calibrate the Ge and Sn deposition rates, we measured the time that was necessary for the formation of the Si (111)-5×5-Ge and Si (111)-2 √ 3 × 2 √ 3-Sn surface structures. The first structure forms when Ge coverage amounts to 1.5 ML at temperatures of 400
• C and greater [16] , and the second one forms at Sn coverage of 1 ML after heating to about 650
• C [17, 18] .
The experimental setup was similar to that described in [8] .
A Ge strip with a sharp boundary served as the source of Ge atoms on the surface. The strip with a thickness of 30 ML (ML is monolayer) and a width of 4 mm was deposited from the Ge evaporation cell on a clean Si surface at room temperature. To obtain a Ge strip with a sharp boundary, we used a Ta plate located close to the crystal surface. Before the deposition of a Ge strip, we formed the Sninduced Si (111)-2 √ 3 × 2 √ 3 structure on the substrate. Then the samples were annealed at certain temperatures for some time. Next, the distributions of Ge concentration were measured by the AES method along a Si surface in the direction perpendicular to the edge of the Ge strip.
The pressure of the residual atmosphere in the vacuum chamber during the deposition of Ge and Sn was about 1.5×10 −9 and 6×10 −10 Torr, respectively. The concentrations of carbon and oxygen on the Ge strip were about 0.5% and 0.2% respectively.
The concentration of Ge near the edge of the strip did not change during a sample annealing. That is, we worked with the Ge source of constant capacity. Diffusion of atoms on a surface can proceed by two basic mechanisms. The first one is the so-called "rolling-stone" or "tumbleweed" mechanism. This mechanism implies the proper diffusion or the migration of adsorbed atoms di- rectly along the surface. In this case, if diffusing atoms do not interact with each other and there is no evaporation and diffusion of migrating atoms into the volume, the dependence of concentration C of the diffusing atoms on the distance from the edge of Ge strip and the time of annealing can be written as
Results
where C 0 is the Ge concentration at = 0 and D S is the coefficient of Ge surface diffusion. Equation (1) describes one-dimensional diffusion from the source of constant capacity. The second mechanism is a solid-phase spreading with a sharp moving boundary. It is also known as the "unrolling carpet" mechanism [19] . The diffusion by this mechanism takes place when the diffusion coefficient of an adsorbed atom migrating over the clean substrate surface is much smaller than that on the surface phase induced by the adsorbed atoms. In this situation the adsorbed atoms included in the surface phase remain stationary. The diffusing atoms migrate on the surface phase. When the atoms reach the diffusion front, they react with the clean surface, and thus they increase the area occupied by induced surface phase. The experiments were carried out in the temperature range from 300 to 650 • C. At lower temperatures it was not possible to obtain a concentration distribution of Ge that could be measured by AES because of insufficient resolution of the spectrometer. At temperatures higher than 650
• C, evaporation of Sn became appreciable. After annealing, the concentration distributions C G ( ) along a sample surface were formed as a result of Ge diffusion. Typical Ge concentration distributions C G ( ) on the Si(111) surface after annealing are shown in Fig. 1 . The shape of the distributions is inherent to diffusion by the first mechanism. Therefore we calculated the diffusion coefficients using expression (1).
In Fig. 2 the temperature dependence of Ge diffusion coefficients on the Si(111) surface with an adlayer of Sn is presented. The analytical expression of this dependence is D S (111)−S = 6.2 exp(-1 eV/kT) cm 2 /s. For comparison, in Fig. 2 the temperature dependence of the Ge diffusion coefficients on the clean Si(111) surface is quoted from Ref. [8] . One can see that the Ge diffusion coefficients on a Si(111) surface with adsorbed Sn exceed those on a clean Si(111) surface by four orders of magnitude in the temperature range up to 650
• C.
The temperature dependence of the Ge diffusion coefficients in Si volume looks like D = 1.5×10 3 exp(-4.7 eV/kT) [20, 21] . The diffusion coefficient calculated using this expression for the temperature of 650
• C is 3.4×10
−23 cm 2 /s. That is, the Ge diffusion coefficients in the volume of silicon are much lower than the coefficients measured at a Si surface. Thus, the transfer of Ge through a Si volume is insignificant, and the observed transfer of Ge is determined by its surface diffusion.
The shape of the concentration distributions C G ( ) obtained at temperatures of about 650
• C for more than 950 min had deviations from the usual one (Fig. 1) . In order to reveal the reason for this phenomenon, experiments were carried out, in which the temperature of annealings was maintained constant at 650
• C, while the duration of the annealings was varied. We measured the Ge diffusion coefficients and the relative concentration of Sn C S versus the time of annealing. The obtained dependencies are presented in Fig. 3 . One can see that neither the Ge diffusion coefficients nor the Sn concentration remain constant in the process of annealing. The decrease of the Ge diffusion coefficients can be explained by the lowering of Sn concentration due to its evaporation from the surface. For plotting the graph in Fig. 2 , we used the values of Ge diffusion coefficients obtained after annealing for not more than 60 minutes at 650
• C. The change of a Ge diffusion coefficient during the annealing for such a time did not exceed 6%.
The evaporation rate of Sn increases in the presence of Ge. This follows from the experimental evidence that the Si(111)-7×7 structure was formed at some distance from the source of Ge within the bounds of the C G ( ) distribution, while the Sn-induced Si(111)-2 √ 3 × 2 √ 3 structure was retained on the surface area containing no Ge, beyond the distribution boundary.
Conclusion
The experimental temperature dependence of Ge diffusion coefficients on the Si(111) surface in the presence of adsorbed Sn atoms has been measured in the range from 300 to 650
• C. The diffusion mobility of Ge atoms on a Si surface with Sn coverage of about 1 ML increases by four orders of magnitude. The activation energy of Ge diffusion on a surface with adsorbed Sn is less than the energy on a clean surface. At temperatures greater than 650
• C, Sn evaporates from a Si surface. Adsorbed Ge promotes Sn evaporation from a Si surface.
